The protease activities of sediments were assayed at 22 sites in the Kamo Estuary Tideland. The contour map of the activities showed spots of high activity located in two habitat areas for Uca lactea and Sargassum fulvellum. Electrophoretic analysis showed that each site contained several proteases. The electrophoretic profile of proteases differed among sampling sediments, except those obtained from the habitat area of Zostera japonica, which showed high degrees of similarity in protease composition. Statistical analysis indicated that the protease activity was correlated with the concentrations of organic carbon and nitrogen in the tideland sediments. Loading of sediments with serum albumin as a protein substrate induced marked enhancement of protease activities. The addition of soluble starch or oleic acid did not cause activation of proteases. The activation of proteases by protein loading is more effective under aerobic conditions than anaerobic conditions. Electrophoretic analysis clearly indicated the presence of specific protease bands induced by protein loading of the sediments. The active bands were more intense under aerobic conditions than an-aerobic conditions. These results suggest that protein loading stimulates the secretion of proteases by certain microorganisms.
INTRODUCTION
In tideland sediments, microorganisms secrete extracellular enzymes, which support waste purification and nutrient supplementation to plants and phytoplankton 1-3） . Among the secreted enzymes, proteases are known to play essential roles in nitrogen cycling in coastal ecosystems
4）
. Mayer characterized the protease activities in the sediments of a marine mudflat
3）
. Based on these data, he noted that proteinaceous materials are the dominant compounds in the marine ecosystems and the end stages of nitrogen resources for plankton or plants were produced only after initial depolymerization by proteases.
Bidle and Azam
5） reported that the digestion of diatom detritus by proteases enhanced the release of particulate Si dissolution. These findings indicated that the protease activity contributes to diatom production. Moreover, Segovia et al. 6） reported the induction of proteases causing cell death in phytoplankton after blooming, which is thought be useful for species succession and the cycling of organic matter in aquatic ecosystems.
In a previous study, we developed an electrophoretic method to detect proteases in tideland sediments 7, 8） . In preliminary experiments using this method, we showed that protease activities of sediments differ among tidelands. Especially, the protease activities of the tideland sediments from a deteriorated sea area showed higher protease activity than those from nourishing tidelands, but less protease activity was observed in sediments from clean swimming beach sands, where there were almost no visible macrobenthos communities.
These results taken together suggest that protease activities have various functions in marine ecosystems and also that the activities are strongly influenced by environmental conditions. However, little is known about the detailed relationship between protease activities and ecological conditions in marine tidelands.
To obtain more information regarding the roles of proteases in ecological function, it is essential to monitor the protease activities in various areas under different environmental conditions. In this study, the protease activities of the tideland sediments were assayed under various ecological conditions and the distributions of the activities are presented as a contour map to discuss the ecological characteristics of proteases in the estuary tideland.
EXPERIMENTAL

Samples
Sediment samples were collected from the Kamo Estuar y Tideland located in the Seto Inland Sea, Japan (Fig. 1) , during the large ebb tide in June and July 2008. The water temperatures of the tidelands were 24． 6-28． 5℃. The soils at a depth range of 0-1 cm at 22 points on the tideland were collected and then suspended with In an experiment to investigate the loading effect of organic compounds on protease activities, samples of 15 g of sediment were incubated with 15 mL of ASW containing 0． 2% of bovine serum albumin, oleic acid, or soluble starch in 20 mM Tris-HCl (pH 8． 0) for 24 hours at around 25℃. The sediments were then washed as before and subjected to protease assay.
The sediments without filtration treatment were used for the assay of organic compounds, nitrogen and carbon.
Assay of protease activity
Proteases were extracted from sediment samples (2 g wet weight) by sonication (35 kHz) for 10 min in 2 mL of extraction buffer containing 50 mM Tris-HCl (pH 8． 0) and 0． 1% TritonX-100. After centrifugation at 750× g for 10 min, the supernatant was subjected to protease assay by the method of Levy
9）
. The protease activities were represented as a contour map of protease distribution in the Kamo Estuary Tideland using MicroAVS ver 11． 0 (KGT Co., Tokyo, Japan).
Electrophoretic analysis of proteases
Proteases in sediments were analyzed essentially as reported Amido black staining of the gel revealed sites of proteolysis as white bands on a dark blue background.
Assay of amounts of organic nitrogen and carbon in sediments
The amounts of organic nitrogen and carbon were assayed with a JM1000CN CN coder, (J-Science Labo. Co., Kyoto, Japan). Before the assay, samples were dried at 105℃ for 4 hours.
Loading effect of organic compounds on proteases in tideland sediments
Bovine serum albumin, soluble starch from potato, or oleic acid was added at a final concentration of 0． 1% (w/v) to15 mL of artificial seawater containing 15 g of sediments from Site 15 in Fig. 1 . Each mixture was shaken in a plastic tube with a hole about 5 mm in diameter at around 24℃. In the case of treatment under anaerobic conditions, the tube was filled with argon and sealed without a hole. After incubation at 24℃ the suspension in the plastic tube was filtered with
No. 2 filter paper (Advantec Toyo Co., Tokyo, Japan). The residue was used for the protease assay and also for ATP biomass assay as reported previously
11）
.
Habitat distribution of plants and crabs
The habitat areas of sea grasses (Zostera marina and Z. japonica), sea lettuce (Ulva pertusa), and fiddler crab (U. lactea) were surveyed using a portable GPS (Sony Co., Tokyo, Japan). The data in GPS indicating each habitat area were downloaded to a map of Navin
You software (Sony Co., Tokyo, Japan).
RESULTS
Habitat areas of the dominant species in the Kamo Estuary Tideland
The Kamo Estuar y Tideland is located at the mouth of Kamo Using the Navin You software, we estimated that the area of the tideland was 18． 5 ha. The tideland is separated into two areas on both sides of Kamo River (8． 1 ha on the East side and 10． 4 ha on the West side). Our measurements indicated a slope ratio of 1/125.
The Kamo Estuary Tideland is fertile. We focused on the East side of the tideland in the present study because this area is rich in biota, and some crustaceans, rare and endangered species, such as U.
lactea and O. cordimana, inhabit the Eastern part. Among these five habitats, S. fulvellum and Z. marina were located at the lowest sea level, while U. lactea was present at the highest level. The habitats of Z. japonica and U. pertusa were at similar sea levels around middle sea level.
Contour map of protease activities of the Kamo Estuary Tideland
Protease activities were assayed by the method of Levy 9） with The two patterns were very similar, indicating that organic carbon and nitrogen distribution patterns are similar. Both distributions were also similar to the distribution of protease activities of tideland sediments. Statistical analysis indicated that the protease activities were correlated significantly with the concentrations of organic carbon and nitrogen of the tideland sediments (P ＜0． 05) as shown in Table 1 .
This result suggested that the loading of organic materials, such as proteins, on the tideland sediments enhances the protease activities of sediments.
Effects of protein loading on protease activities in the tideland sediments
To confirm the above speculation, 0． 1% (w/v) of bovine serum albumin as a protein source, soluble starch as a carbon source, or oleic acid as a fatty acid was loaded into the tideland sediments and the protease activities were measured after incubation for 24 hours. Together with protease assay, the changes in ATP biomass were measured after loading. These results indicated only a 10% increase in the biomass (data not shown).
Electrophoretic analysis of proteases in the tideland sediments
Following the distribution of protease activities in the tideland, we investigated the composition of proteases at each site within the estuary tideland. Fig. 5 shows that there are many proteases in the tideland sediments. For example, at least 5 protease bands were detected even in the lane from site 14, which showed low protease activity in the tideland as shown in Fig. 2 On protease zymography, the band intensity is correlated with the degree of protease activity
8）
. Lanes 7 and 22, which were obtained from the areas with high protease activities, showed bright smeared bands, indicating high protease activities.
The results shown in Fig. 5 provide interesting information.
That is, the profiles of lanes 8, 17, 19, and 20 showed similar electrophoretic patterns, which belonged to the areas of Z. japonica zones located on the near seashore. These results suggested that similar microorganisms grow in these habitats and that they excrete similar proteases into the surrounding sediments.
DISCUSSION
The results of the present study indicated two hot spots with high protease activities in tideland sediments. One located in the habitat area of S. fulvellum (B site in Fig. 2) . The plant is a large brown seaweed that forms dense monospecific stands. It can accumulate high biomass, because dense S. fulvellum stands may decrease flow and increase sedimentation with organic compounds. Furthermore, Sargassum was a good habitat for many benthic amphipods, including microorganisms, producing large amounts of organic compounds in the sediment derived from their detritus. Indeed, the area showed high levels of organic N and C. Another area with high protease activities is area A in Fig. 2 , which also contains high levels of organic C and N. The area is located at the mouth of the Kamo River with decreasing flow of the river, and therefore influent loading of organic matter will be accumulated here as sediment.
Statistical analysis showed that the distributions of organic C and N in the estuary tideland sediments were significantly correlated with Fig. 4 Changes in proteases by loading the tideland sediments with organic compounds
Bovine serum albumin (P), soluble starch (S), or oleic acid (F) was added to the tideland sediments and incubated for 24 hours under aerobic or anaerobic conditions. Control (C) indicates the sample treated under the same conditions without loading. The sediments after loading with these organic compounds were subjected to the assay of protease activities (A) and electrophoretic analysis of protease composition (B). The protease activity of the control sample was normalized as 1.0. The symbols (+), and (-) beneath the lanes in (B) indicate aerobic and anaerobic conditions, respectively. Error bars in graphs in (A) indicate ± S.E (n=3). those of protease activity, as shown in Table 1 . The results suggested that the secretion of proteases by microorganisms is influenced by organic substances in sediments.
Indeed, the loading experiment shown in Fig. 4 indicated that adding bovine serum albumin as a protein source to tideland sediments markedly enhanced the protease activity.
These results suggest the following two possibilities: (1) the proteinaceous substances induce the growth of microorganisms causing protease secretion, or (2) the substances stimulate the synthesis of proteases within the microorganism cells to secrete the enzyme for digestion of protein.
To confirm these speculations, we analyzed the protease compositions after protein loading. The results indicated the appearance of at least three active bands with loading. Moreover, we found that ATP biomass increased by only 10% under the same conditions. These results suggested that limited microorganism species respond to protein loading. Further studies are necessary to clarify which microorganisms secrete proteases after loading, which will provide useful information for understanding the initial stages of nitrogen metabolism in tideland ecosystems.
Among the organic compounds used for loading, only protein was effective for the enhancement of protease activities of the sediments. This result showed a marked difference from our previous report regarding phosphatase activity
14）
. In the case of phosphatase activity, loading of the tideland sediments with oleic acid also caused activation of phosphatase activity as in the case of serum albumin.
As shown in . Thus, the combination of the present method for protease analysis and DGGE analysis will be useful to clarify the dominant microorganisms responsible for secretion of each protease.
Previously, we reported the distribution of phosphatase activities in the same tideland. The results indicated that the area belonging to the U. pertusa zone, corresponding to the areas around sites 2 and 3 in the present study, showed the highest phosphatase activity in the tideland. On the other hand, the protease activities of these areas were low as shown in Fig. 2 . The distribution profiles of the two enzymes were markedly different. These observations suggest that the dominant microorganisms that secrete proteases favor different environmental conditions from those that secrete phosphatases.
The present study demonstrated the distribution of protease activities in the Kamo Estuary Tideland in the stratified season (summer). As a further experiment, we have shown that the protease distribution pattern in winter is markedly different from that in summer (data not shown). Studies are currently in progress to clarify the environmental factors responsible for the seasonal differences in protease distributions, which will be useful to understand the functions of proteases in marine ecosystems.
CONCLUSIONS
Protease activities of sediments at 22 sites were assayed in the Kamo Estuary Tideland. The distributions of protease activities were correlated with the concentrations of organic C and N in sediments.
The loading of the tideland sediments with serum albumin as a protein substrate enhanced the protease activities to more than threefold higher than the control without addition of protein. Soluble starch and oleic acid did not cause any activation. Electrophoretic analysis
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